Comparisons of intron-exon structures between homologous genes in different eukaryotic species have revealed substantial variation in the number of introns. These observations imply that, in each case, an intron presence-absence polymorphism must have existed in the past. Such a polymorphism, created by a recent intron-loss mutation, is reported here in a eukaryotic organism. This gene structure, detected in the jingwei (jgw) gene, segregates at high frequency (77%) in natural populations of Drosophila teissieri and is associated with a marked change in mRNA levels. Furthermore, the intron loss does not result from a mRNA-mediated mechanism as is usually proposed, but from a partial deletion at the DNA level that also results in the addition of four new amino acids to the JGW protein. Population genetic analyses of the pattern of nucleotide variation surrounding the intron polymorphism indicate the action of positive Darwinian selection on the intron-absent variant. Forward simulations suggest that the intensity of this selection is weak to moderate, roughly equal to the selection intensity on most replacement mutations in Drosophila.
T he number of spliceosomal introns is widely variable among model organisms. For instance, it ranges from 0.04 introns per gene in the yeast Saccharomyces cerevisiae to 3 in Drosophila melanogaster (1) , 5 in Caenorhabdites elegans (2) , and 6.8 in humans (3) . This variation, detected in orthologous and paralogous members of gene families, is observed between closely as well as distantly related species, and can affect a considerable portion of the genome. For instance, genome-wide comparisons of two closely related nematodes, C. elegans and Caenorhabdites briggsae, show more than 260 introns present in one species but absent in the other, about 5% of the introns compared (4) . All these examples of variable intron-exon structures in genes descended from common ancestors suggest a significant change of gene structures throughout evolutionary time (5) (6) (7) (8) . However, no intron has been reported to date in any eukaryotic organism in the intermediate state, as a polymorphism within a contemporary species (intron presenceabsence polymorphism).
That introns are spliced out from gene transcripts does not imply that they cannot be subject to selection for their information or function. Some sequences can be spliced out of some transcripts but can form part of the coding region in alternatively spliced transcripts (9) . Some introns play regulatory roles in transcription (10) or translation processes (11) . Introns can also be involved in the maintenance of secondary structure of immature messenger RNAs (pre-mRNAs) (12) (13) (14) . Moreover, the detection of a negative correlation between intron length and recombination rates both in Drosophila and in humans suggests that intron length might be under weak selective constraint, with a minimum intron size determined by strong selection (15, 16) . These constraints may be associated with either transcriptional costs or the evolutionary advantage that longer introns may provide in genomic regions with reduced recombination (16, 17) .
Population genetic and molecular evolution analyses and their corresponding statistical tests are usually applied to assess the relative importance of selection, mutation, and random drift in influencing the fate of different kinds of mutations. Indeed, the comparison between levels of variation observed within species (i.e., polymorphisms) and between species (i.e., fixed differences), and the study of polymorphic patterns of variation are powerful techniques to detect the action of natural selection (18) (19) (20) (21) . However, the lack of polymorphic intron-exon structures has prevented evolutionary biologists from examining in detail the evolutionary forces involved in the early stage of intron-exon structural evolution. The lack of intron presence-absence polymorphisms could thus suggest that variation of intron number may rarely be neutral. Here, we report an intron presence-absence polymorphism of the jingwei (jgw) gene in natural populations of Drosophila teissieri. This finding has allowed us to evaluate whether selection is involved in the fate of this intron gain͞loss by analyzing nucleotide variation surrounding this mutation.
Materials and Methods
Drosophila Lines, DNA Isolation, and Sequencing. The D. teissieri isofemale lines used in this study were captured in nine different localities: three in Tanzania, three in Zimbabwe, and one each in Congo, Ivory Coast, and Guinea. The 62 Drosophila yakuba isofemale lines were captured in Ivory Coast, and kindly provided by T. C. Mackay (North Carolina State Univ., Raleigh). Genomic DNA was isolated from single fly preparations after standard procedures (22) . Three overlapping fragments (see Fig. 1 ) encompassing the 5Ј flanking, ymp-derived, and Adh-derived regions of the jgw gene were amplified by PCR and directly sequenced on both strands by using a 377 ABI PRISM automated sequencer (Applied Biosystems). In heterozygous flies, PCR products were directly sequenced and haplotypes were determined by sequencing the regions surrounding each polymorphic site in a single subcloned PCR product. An average of 2.2 kb per line were sequenced in D. teissieri. Newly reported sequences have been deposited in GenBank, EMBL, and DDBJ databases libraries under accession numbers AY102177-102265.
Population Genetic Analyses and Computer Simulations. Population genetic analyses were performed with the DNASP program (23) or following original references (24) (25) (26) . The population recombination rate, C ϭ 4N e c (where N e is the effective population size and c is the rate of recombination per nucleotide per generation), was estimated from the polymorphism data (27) of the 5Ј flanking and Adh-derived regions of jgw combined (38 segregating mutations, C ϭ 0.034͞bp). The estimated C in the jgw region in D. teissieri is very similar to the average estimated for D. melanogaster (28) . Because recombination estimates have large variances, we also calculated the most conservative estimate of recombination, C min (C min ϭ 0.003͞bp), compatible with the data (at 5% level) based on the observed minimum number of recombination events (R m ) (29) . The significance of the estimated statistics under neutrality was obtained by computer simulations (10,000 replicates) based on Hudson's coalescent algorithm (30) conditioning on the sample size, number of segregating mutations, and recombination. Analyses conditioned on the observed frequency of the intron-absent allele were performed by a posteriori choosing only those neutral genealogies with a derived mutation segregating at 77% Ϯ 2.5% and by studying the subpopulation typified by those sequences sharing this mutation.
Forward simulations of a Wright-Fisher population, allowing mutation, selection, partial linkage, and drift, were performed (31) (32) (33) to estimate the effect of a single semidominant favorable mutation (e.g., the intron-loss mutation) on adjacent nucleotide variation (see refs. 17 and 33 for details). The number of simulated diploid individuals (N) was 1,000, the neutral mutation rate () was ϭ 0.01͞N, and the recombination rate was that estimated from the 5Ј flanking and Adh-derived regions (C and C min , see above). One favorable mutation was added to a population under mutationdrift equilibrium. Samples of 39 sequences with a favorable mutation segregating at 77% Ϯ 2.5% (the observed frequency of the intron-loss mutation) were randomly chosen for further analysis. The effect of favorable mutations on population parameters at adjacent sites was analyzed as a function of the scaled selection coefficient (; ϭ 2Ns, where N represents the number of individuals and s the favorable selection coefficient) across a range of from 0 to 100. Gene Expression. Total RNA was extracted from adult male flies (approximately 30 mg) isolated from an intron-present and an intron-absent line by using the RNeasy minikit (Qiagen, Valencia, CA). Reverse transcription (RT)-PCR reactions were performed with 25 ng of total RNA, and the obtained products, different in size from PCR products amplified from genomic DNA, were directly sequenced. Quantitative RT-PCR reactions (25 cycles) were performed with dilutions of the total RNA ranging from 100 to 1 ng, and only those dilutions whose products linearly reflected the initial amount of template were used. The Gapdh2 product was coamplified in the same reactions as jgw products, as an internal control. The relative amount of jgw products was inferred from band intensities (arbitrary units) in ethidium bromide-containing agarose gels, normalized relative to Gapdh2 band intensities. The concentration of the primers corresponding to the Gapdh2 gene was adjusted to obtain equivalent PCR amplification yields for the internal control and jgw (intron-absent line), to compensate for differences in expression levels. For each intron-present͞absent line we obtained five independent measures of the relative amount of the jgw product by using two different RNA extractions. The average relative amount of jgw mRNA produced by intron-present and intron-absent lines is 1.65 and 1.02 arbitrary units, respectively.
Results and Discussion
Polymophic Intron Presence-Absence in D. teissieri. We studied the intron-exon structure of jingwei (jgw) (34), a young chimerical gene found only in the closely related species D. yakuba and D. teissieri. The first three exons of jgw originate as a partial duplication of the yellow emperor (ymp) gene (35) and form the ymp-derived region of jgw (see Fig. 1 ). The fourth exon was created by retroposition of an Alcohol dehydrogenase (Adh) mRNA and it constitutes the Adhderived portion (34) (see Fig. 1 ). We first sequenced and analyzed the ymp-derived region of the jgw gene in 39 different chromosomes of a widely distributed sampling from African populations of D. teissieri (Fig. 2) . Thirty (77%) of the analyzed chromosomes show a deletion of 54 bp corresponding to almost the entire second intron (66-bp-long) of jgw. The intronic nature of the 66-bp-long sequence extending between the second and third exons of jgw was confirmed by comparing the sequences corresponding to genomic DNA to the complementary copy (cDNA) of the mRNA. Genomic DNA and cDNA sequences are homosequential in the intron-absent class. The intron-absent variant is found in D. teissieri in all localities except for two localities from which only a single individual was sampled.
The study of 62 alleles of the homologous jgw gene in D. yakuba reveals the same gene structure as the intron-present alleles of jgw in D. teissieri, with no evidence of intron presence-absence polymorphism in this species. Moreover, the parental ymp gene shares the same gene structure as the intron-present alleles of jgw in all analyzed Drosophila species: D. teissieri, D. yakuba, and the more distant D. melanogaster (36) . Altogether, these results indicate that the intron presence-absence polymorphism of the D. teissieri jgw gene originated from a very recent intron-loss mutation, most likely after the split between D. teissieri and D. yakuba lineages.
Intron-Loss Mechanism. The sequence comparison of the intronpresent and intron-absent alleles reveals a previously undetected mechanism for intron loss. The second exon of the intron-absent alleles is fused to the third exon by an intercalated sequence of 12 nucleotides that were originally at the 3Ј end of the second intron; no nucleotide from the 5Ј end of the intron was recruited (Fig. 3) . Therefore, we can rule out the possibility of intron loss through a mRNA intermediate mechanism, because that would have deleted the entire second intron (37) . Thus, the intron loss was most likely due to a genomic deletion, at the DNA level, that left behind a 12-bp-long intronic fragment too short to be spliced out properly by the spliceosome. Consequently, the intron-absent JGW protein has recruited four new amino acids internally compared with the intron-present JGW (Fig. 3) .
Evolutionary Forces Governing the Intron-Loss Mutation. Although most mutations detected in natural populations are expected to segregate at low frequency (38, 39) , the observation that a newly arisen mutation is at high frequency is not on its own evidence for positive selection acting on this mutation. For instance, for our sample size (n ϭ 39), newly arisen neutral mutations segregating at 77% or higher are expected in 6.25% of cases (5.93% when C min is used) as shown by coalescent simulations. However, population genetic theory forecasts at least four qualitative predictions associated with directional selection, which can be tested by studying neutral variation surrounding the selected site. First, the frequency distribution of variants observed in chromosomes carrying favorable mutations will be skewed toward rare variants (at lower frequencies than expected under neutrality) (40) (41) (42) . Second, the frequency distribution of variants in chromosomes that do not carry favorable mutations will be skewed in the opposite direction (i.e., toward an excess of intermediate frequency mutations), because this class has undergone a reduction of the effective population size. Third, the effects on the frequency spectrum are expected to be greatest in regions adjacent to the selected mutation and to decline with genetic distance as a consequence of recombination. Fourth, the complete sample will contain an excess of variants segregating at high frequency, hitchhiked by the adaptive mutation.
We first studied nucleotide polymorphism in the ymp-derived region of jgw in D. teissieri. The skew in the frequency distribution of segregating mutations can be quantified by summary statistics such as Tajima's D (24) and Fu and Li's F (25). Tajima's D statistic is based on the difference between two estimators of the amount of DNA variation, the average number of nucleotide differences, and the scaled number of polymorphisms (24) . Fu and Li's F statistic tests the neutral model on the basis of the difference between the average number of nucleotide differences and the number of mutations in the external branches of a genealogy. In our case, we use the sequence of D. yakuba as an outgroup to estimate F. Under neutrality, panmixia, and equilibrium, D and F should be close to 0 and values significantly different from 0 indicate departures from the neutral model.
Analysis of nucleotide variation among the 30 intron-absent alleles in the ymp-derived region shows a skew in the frequency spectrum toward rare variants. In natural populations, however, a neutral mutation segregating at high frequency defines a subpopulation that may not conform to a standard neutral topology (30, 43) . Therefore, we explored the statistical significance of the observed patterns of variation by investigating the neutral expectation of D and F statistics in a subpopulation defined by a mutation (i.e., intron-loss mutation) at high frequency (i.e., 77% Ϯ 2.5%). Standard neutral topologies were simulated by using Hudson's coalescent algorithm (44) conditioning on the sample size, number of segregating mutations, and recombination. Only those neutral genealogies with a derived mutation segregating at 77% Ϯ 2.5% were chosen a posteriori, and the D and F values were calculated for the subpopulation typified by the mutation. Under this most appropriate model, the observed excess of rare mutations is significant both for D (D ϭ Ϫ1.60, P ϭ 0.0115) and F (F ϭ Ϫ3.16, P ϭ 0.0005) tests even when C min is used (P ϭ 0.0395 and P ϭ 0.0088, for D and F, respectively) (Fig. 4) .
The analysis of nucleotide variation among the sample of intronpresent sequences shows, although not significantly, variants segregating at intermediate frequency (D ϭ ϩ0.28, P Ͼ 0.30; F ϭ ϩ0.28, P Ͼ 0.30). A more detailed study of the distribution pattern of mutations among the intron-present alleles uncovered a highly diverged sequence with an excess (P ϭ 0.042) of singletons compared with the neutral expectation; this sequence was from the single fly sampled from Mount Nimba, Guinea. When we exclude this highly diverged sequence, likely corresponding to a genetically differentiated population, we observe a significant excess of mutations at intermediate frequency among the intron-present alleles (D ϭ ϩ2.03, P ϭ 0.002; F ϭ ϩ1.80, P ϭ 0.014). None of the intron-absent alleles shows a significant accumulation of singletons. The opposite behavior of mutations among the intron-present and intron-absent allele classes, and the excess of rare mutations among the intron-absent alleles indicate that this variant of jgw is expanding through the population faster than expected by random drift, suggesting selection for the intron-loss mutation. The fact that no excess of rare mutations occurs among the intron-present alleles allows us to rule out a recent demographic expansion of the species population size to explain the variation pattern among the intronabsent sequences.
These results strongly indicate that selection is affecting the region surrounding the jgw intron 2. However, these results are also compatible with natural selection acting at a closely linked genomic position. To investigate this hypothesis further, we studied polymorphism patterns in two regions adjacent to the ymp-derived portion: one located 5Ј to the jgw gene (5Ј flanking region), and the other, the Adh-derived region, located 3Ј to intron 2 (Fig. 4) . Previous studies on the Adh-derived region of jgw indicated a significant excess of fixed amino acid replacements between D. teissieri and D. yakuba, in agreement with a role for positive selection in the evolution of this part of the protein. Several lines of evidence are against the possibility that the observed pattern of mutations in the ymp-derived region is caused by selection acting on the Adh-derived portion of jgw. First, only 6 of 21 fixed amino acid replacements in the Adh-derived region appeared in the D. teissieri lineage, suggesting that after the split between D. yakuba and D. teissieri no signals of positive selection are detectable in this region in the latter lineage. To test specifically for positive selection on amino acid replacements, we used the McDonald and Kreitman test (45) . This test compares the number of amino acid replacements and synonymous substitutions between and within species. When applied to the Adh-derived region of jgw only in the D. teissieri lineage, a nonsignificant result was obtained (G ϭ 0.59, P ϭ 0.44) (34) . Second, variants in the Adh-derived portion of jgw are not in significant linkage disequilibrium with the intron loss (Fisher's exact test, P Ն 0.128).
We have studied the distribution pattern of polymorphisms in the Adh-derived part of jgw in 30 lines. Similarly, we have also analyzed the 5Ј flanking region of the jgw gene in 34 lines. No significant excess of rare mutations is detected among the intron-absent variants either in the Adh-derived region (D ϭ Ϫ0.74, P Ͼ 0.13; F ϭ Ϫ0.84, P Ͼ 0.16) (separated from the end of exon 3 by 0.4 kb on average) or in the 5Ј flanking region (D ϭ Ϫ0.53, P Ͼ 0.33; F ϭ Ϫ0.44, P Ͼ 0.35) (separated from the first codon by 1.4 kb) (Fig. 4) . We further investigated whether the different number of polymorphisms under study in the Adh-derived region and in the ympderived region of jgw might cause their observed difference in D and F values. To test this possibility, 1,000 random subsamples with 19 polymorphisms (the number of polymorphism observed in the Adh-derived region of jgw) were obtained from the 30 sequences of the ymp-derived region, and D and F values were estimated. The results show that even with 19 polymorphisms the D and F values obtained for the ymp-derived region (D ϭ Ϫ1.55, F ϭ Ϫ2.95) are very similar to those estimated from the total number of polymorphisms present in the ymp-derived region (Fig. 4) . Thus, it is unlikely that the nonsignificant results obtained for the Adh-derived region are attributable to reduced power. The fact that the significant excess of mutations at low frequency is restricted to the three ymp-derived exons, and is detected only in the intron-absent sequences, strongly suggests that the target of natural selection is located in the ymp-derived region of the D. teissieri jgw gene. Overall, this result confirms that genome-wide features (e.g., population structure or demographic effects) are not determining the patterns observed in the ymp-derived portion.
Finally, another consequence of rapid increase in the frequency of the intron-loss mutation throughout the population would be the hitchhiking of adjacent variants that would also reach high frequency in the population. Fay and Wu have proposed a specific test (H) to detect the footprint of recent positive selection (26) . Results from this test applied to the global sample of 39 sequences (intron-present and intron-absent), with the D. yakuba sequence as outgroup, indicate that a significant excess of high-frequency derived mutations exists in the ymp-derived region of jgw (H ϭ 7.02, P ϭ 0.026; P ϭ 0.047 when the conservative C min is used). If we condition this same test on the presence of a particular mutation at a frequency of 77% Ϯ 2.5%, the result remains significant (P ϭ 0.036), but P ϭ 0.06 for the most conservative value of recombination (C min ). Altogether, these results suggest the action of positive Darwinian selection on the intron-absent variant (46) . The presence of this unusual mutation in all populations with more than one sampled individual, in a species with possible geographical differentiation (47) , is consistent with the selective scenario.
Weak Positive Selection. Darwinian selection has been proposed qualitatively, as the driving force in the evolution of several genes in Drosophila (34, 45, 48, 49) . The fact that the intron-loss mutation is still segregating in the populations is in agreement with weakmoderate positive selection, and is consistent with the longer sojourn times associated with weakly rather than strongly selected mutations. The fate of weakly selected mutations in a population is influenced, to different degrees, by random drift. Here, we investigate the magnitude of the selection coefficient associated with the intron-loss mutation by studying the quantitative consequences of a single selected mutation on adjacent variability by forward simulations for a wide range of selection coefficients (see Materials and Methods for details). These simulations take into account all population parameters specific to our study, including the condition of observing the arisen selected mutation at 77%. Previous studies have shown that the power to detect the consequences of weak selection on adjacent sites is very low, even in the extreme case of total linkage (32, 50, 51) . Our results show that, although an excess of rare mutations is expected among the alleles with the favorable mutation (favorable alleles), the remaining alleles do not show a strong skew in the opposite direction (Fig. 5A) . Another interesting result is that a strong reduction in the number of segregating sites among alleles sharing the favorable mutation compared with the remaining alleles is not expected under weak͞moderate selection (Fig. 5B) . For instance, a 50% relative reduction among the favorable alleles is detected only when is larger than 50. These two results are remarkably congruent with the jgw data, where intron- absent alleles (i.e., favorable alleles) display a significant skew in the frequencies of segregating mutations toward excess of lowfrequency variants, but the level of nucleotide variation, (52) , is approximately the same among intron-absent alleles and among intron-present alleles ( intron-absent͞ intron-present ϭ 1.11).
We can take advantage of two consequences of positive selection on adjacent polymorphism to bound the scaled selection coefficient associated with the intron-loss mutation (Fig. 5C) . Simulation results suggest that the minimum compatible at the 5% level with the observed frequency spectrum of adjacent mutations (e.g., Tajima's D in intron-absent sequences) is 10. On the other hand, the observed relative level of polymorphism in the intron-absent alleles suggests a maximum value of Ϸ 40. This study reveals that the intensity of selection on the mutation studied (10 Ͻ Ͻ 40) is roughly equal to the intensity estimated for replacement mutations in Drosophila (Fig. 5C) (18) .
On the basis of our simulations, the mean age of the intron-loss mutation is 1.3 N e generations or younger. By using a molecular clock approach, with noncoding͞synonymous variation per base pair for our combined flanking regions (5Ј flanking and Adhderived) ϭ 0.018, and assuming 10 generations per year and a mutation rate of 3 ϫ 10 Ϫ9 substitutions per base pair and generation estimated from Drosophila divergence data (28), the intron-loss mutation is estimated to be 0.2 million years old or younger. This time is shorter than the 2.2 N e generations expected under neutrality (first arrival time) (53) .
Gene Expression. How might natural selection act on the intronabsent variant of jgw? Four new amino acids were acquired by the JGW protein of the intron-absent alleles, possibly affecting the activity or structural stability of this new protein. Selection might alternatively act by targeting the stability of the jgw pre-mRNA molecules. Previous investigations indicated that some intronic sequences play a regulatory role in the transcription process (see refs. 54 and 55). It is then possible that the deletion of the jgw intron removed one of these regulatory signals, causing a change in the levels of jgw mRNA. We have studied this last possibility and detected significantly less (Mann-Whitney test, P ϭ 0.008; see Materials and Methods and Fig. 6 ) jgw mRNA produced by the intron-absent line than by the intron-present line, suggesting a down-regulation effect of the intron-loss mutation. Although this association between the intron deletion with a halved mRNA level is consistent with positive selection, as revealed by the population genetic analysis, further studies of protein activity are needed to obtain a more complete picture. 
